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Abstract 
This work is an investigation of the mixing 
of the nozzle fluid of a round turbulent jet with 
the entrained reservoir fluid, using 
laser-Rayleigh sc:attering methods. Our 
measurements, at a ]Reynolds number of 5000, cover 
the axial range from 20 to 80 jet exit diameters 
and resolve the full range of temporal & spatial 
concentration scales. The measured mean & rms 
values of the concentration, and the mean scalar 
dissipation rate, when estimated from the time 
derivative of concentration, are consistent with 
jet similarity laws. Concentration fluctuation 
power spectra are found to be self-similar along 
rays emanating from the jet virtual origin. The 
probability density functions for the 
concentration, tht? time derivative of 
concentration, and the square of the time 
derivative of concent:ration, are compiled and are 
also self-similar along rays. 
Introduction 
- 
Background 
The free turbulent jet, a small source of 
high speed fluid is:juing into a large quiescent 
reservoir, is one of the classical free shear 
flows. It has been the subject of experimental 
work for more than 50 years (~uden" 1933, 
~uethe" 1935) and hits found broad application in 
combustion systems as a means of mixing reactants. 
It is conventionally accepted that profiles 
of the mean jet fluid concentration are 
self-similar beyond about 20 jet exit diameters 
(Wilson 6 ~ankwerts~' 1964, Becker et al.' 1967, 
Birch et al. ' 1978, 1,ockwood 6 ~oneib' 1980) . In 
cylindrical coordinates with the direction of the 
jet discharge chosen to lie along the axis of 
symmetry (the x-axis here), the mean profile of 
jet gas concentration, for example, takes the 
following form: 
- C 
C(x,r) = -A F (z) (1) 
:K-XO x - X o  
where r is the radial coordinate, C, the jet gas 
concentration at the nozzle exit, F is a smooth 
function that is experimentally determined, x, is 
the virtual origin, and the overbar denotes a time 
average. 
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While the similarity of the mean profile is 
on a solid experimental footing, the picture is 
not yet complete. Most experimental data for the 
root mean square (rms) fluctuation can not be 
collapsed in the same coordinates used to collapse 
the mean values. Conflicts also exist between the 
reported rms levels from different experiments 
(~ahm' 1985). No clear consensus exists as to 
whether the ratio of the rms to mean concentration 
of the jet fluid (C;,,/C) is a constant in the far 
field of the jet (~ahm' 1985). These problems 
could arise from many sources including: Reynolds 
number effects, contamination of the flow by small 
buoyancy forces, insufficient resolution of all of 
the fluctuating scales, unsteadiness in the jet 
source or the quiescent reservoir, neglect of the 
effects of the molecular Schmidt number (kinematic 
viscosity divided by species diffusivity), or the 
possible failure of the chosen similarity form. 
Present Experiments 
The experiments described here address some 
of these concerns in the far-field of the jet. 
These experiments were designed with adequate 
spatial & temporal resolution, as well as dynamic 
range, throughout the jet to unambiguously resolve 
all of the diffusion scales in a purely momentum 
dominated flow. This meant that the Reynolds 
number, nozzle size, jet d reservoir gases and 
internal volume of the experimental enclosure were 
not chosen independently of each other or of the 
noise characteristics of the diagnostic. 
This work, an experimental investigation of 
mixing of the jet fluid with the entrained 
reservoir fluid, is based on measurements of the 
instantaneous concentration of jet fluid, C(t). 
In particular, it is a study of the similafity of 
the mean concentration of jet fluid, C, the 
probability density function of jet fluid 
concentration, the rms fluctuation level, C;, 
the power spectrum of concentration fluctuations, 
Ec, the probability density function of the time 
derivative of concentration, and some of the 
statistical properties of the scalar dissipation 
rate, ec, as estimated from the square of the time 
derivative of concentration. 
EaperLaantal Technique 
The Main Apparatus 
--
These experiments were performed in the gas 
phase jet mixing apparatus shown schematically in 
Figure 1. The main apparatus consisted of a large 
enclosure with an interior volume of about 120 
cubic feet. The jet was produced by a vertically 
adjustable 7 4 "  nozzle with an 11 to 1 contraction 
ratio. The exit turbulence level was less than 
0.2% and the exit Reynolds number (Uod/V,) was 
5000, where V, is the reservoir gas kinematic 
viscosity. The Taylor Reynolds number along the 
Figure 1. Experimental facility. 
centerline of the jet was estimated from the 
formulae in ~ i n z e ' ~  (19751, Equations 5 6 6 (see 
page 4 ) ,  and a typical value for thesenterline 
rms velocity fluctuation, ukms = .25Uc1. The 
result being: Rek=100. A uniform coflow 
velocity, typically about 0.006 of the jet 
velocity, was produced over the entire 16 ft2 
cross section of the enclosure. The volume flux 
of the coflow was chosen to provide the 
entrainment needs of the jet (Ricou h spaldingZ2 
1961) to a point down below the farthest measuring 
station. Large 3'xS1 plexiglas windows were 
located on opposite sides of the enclosure to 
allow shadowgraph imaging of the jet. The exhaust 
gases from the experiment exited through the 
bottom of the enclosure and were collected in a 
large plastic bag. 
The jet gas was ethylene, C,H,, and its flow 
rate was set with a single stage regulator and a 
metering valve. The dynamic head of the jet was 
measured to determine Uo. The reservoir and 
coflow gas was N,. The coflow was produced by 
regulating the pressure of a special delivery 
manifold. The density ratio of ethylene to N, is 
1.0015. An axisymmetric laminar boundary layer 
calculation was used to estimate boundary layer 
thicknesses at the nozzle exit to calculate the 
the momentum diameter of the nozzle, d*, 
introduced in a limited way by Thring & ~ e w b ~ ~ ~  
(1952), used by Avery 6 Faeth: (1974), and 
modified by Dahm 6 ~imotakis' (1987) to: 
where mo 6 Jo are the nozzle mass and momentum 
fluxes respectively, and the density of the 
reservoir fluid is denoted by p,. The estimate 
for the nozzle conditions of these experiments was 
d* = 0.96d . Note that the momentum diameter, d*, 
reduces to the geometric exit diameter, d, for 
pjet=pw and a perfect "top-hat" exit profile of 
velocity. 
The Diagnostic 
-
Laser-Rayleigh scattering was used to 
determine the concentration time history of the 
binary mixture Of jet and reservoir gases within a 
small focal volume in the mixing region of the 
jet. This non-intrusive diagnostic has been 
successfully used by many previous authors ( ~ ~ e r ' ~  
1979, Escoda 6 ~ong:' 1983, Pitts 6 ~ashiwagi" 
1984, pittsZ0 1986, and others) and will not be 
described here. The main difference between this 
work and previous implementations of this 
technique was the strict observance of the spatial 
and temporal resolution requirements imposed by 
the need to accurately record the smallest 
estimated diffusion scales of the flow. 
For these experiments, the Rayleigh scattered 
light from a short section of an 18 Watt 
collimated laser beam was imaged (one to one) onto 
a small aperture photodiode. The diameter of the 
sensitive area of the photodiode was between .20 
and 1.0 nun; the local resolution requirements of 
the jet dictating the size used in each case. The 
signal current from the photodiode was amplified 
by a low-noise transimpedanc:e amplifier designed 
by Dr. Dan Lang. This signal was filtered and 
sent to an LSI PDP-11/73 based computer system 
where it was digitized and stored for subsequent 
processing. The sampling frequency and filter 
bandwidth were chosen to insure that the estimated 
temporal resolution requirements imposed by the 
jet were surpassed by more than a factor of four. 
The sensitivity of the whole system was calibrated 
by introducing pure jet and reservoir gases into 
the focal volume before and after each run. 
Results 
The Mean and RMS Profiles 
----
The properly scaled mean and rms 
concentration profiles for xl'd = 20, 40, 60, h 80 
are shown on Figure 2. The t.ransformation used to 
Figure 2. Mean and rms profiles of 
concentration. 
collapse both profiles is based only on the 
experimentally fitted values of the virtual 
o r i g i n ,  xo, and t h e  decay c o n s t a n t  f o r  t h e  mean 
c e n t e r l i n e  c o n c e n t r a t i o n .  S e p a r a t e  n o r m a l i z a t i o n s  
by t h e  l o c a l  c e n t e r l i n e  mean, c e n t e r l i n e  rms 
c o n c e n t r a t i o n ,  o r  c o n c e n t r a t i o n  p r o f i l e  h a l f  
r a d i u s  were n o t  necessa ry .  
P r o b a b i l i t y  D e n s i t y  Func t ion  of Concen t ra t ion  
The p r o b a b i l i t y  d e n s i t y  f u n c t i o n  f o r  t h e  j e t  
g a s  c o n c e n t r a t i o n  was e s t i m a t e d  by s o r t i n g  t h e  
sampled d a t a  i n t o  a  h i s tog ram.  The r e s u l t s  a r e  
p l o t t e d  i n  F i g u r e s  3, 4 ,  & 5  and d i s p l a y  t h e  
F i g u r e  3 .  P r o b a b ~ i l i t y  d e n s i t y  f u n c t i o n  
o f  t h e  s c a l e d  c o n c e n t r a t i o n  on 
t h e  c e n t e r l i n e  of  t h e  jet. 
F i g u r e  5 .  P r o b a b i l i t y  d e n s i t y  f u n c t i o n  
of  t h e  s c a l e d  c o n c e n t r a t i o n  7' 
o f f  t h e  c e n t e r l i n e  of  t h e  j e t .  
by d e c r e a s e d  s t a t i s t i c a l  convergence.  I n  
p a r t i c u l a r ,  f o r  a  f i x e d  run t ime,  t h e  t o t a l  volume 
of  f l u i d  t h a t  p a s s e s  th rough  t h e  f o c a l  volume is  
rough ly  p r o p o r t i o n a l  t o  t h e  l o c a l  mean v e l o c i t y .  
Consequent ly ,  t h e  e f f e c t i v e  sample s i z e  of  a  run 
i s  s m a l l e r  n e a r  t h e  edge o f  t h e  j e t .  
F i g u r e  4 .  P r o b a b i l i t y  d e n s i t y  f u n c t i o n  
of  t h ~ e  s c a l e d  c o n c e n t r a t i o n  
3 .5 '  o f f  t h e  c e n t e r l i n e  of t h e  
jet.  
Power Spectrum of Concen t ra t ion  F l u c t u a t i o n s  
The power s p e c t r a  of t h e  c o n c e n t r a t i o n  
f l u c t u a t i o n s  were c a l c u l a t e d  from t h e  sampled d a t a  
sets f o r  x / d  = 20, 40, 60, 6 80 a l o n g  t h e  t h r e e  
r a y s  a t  r / (x -xo)  = 0, .06, 6 . 1 2 .  The r e s u l t s  
a r e  p l o t t e d  i n  F i g u r e s  6, 7 ,  & 8 where T, 
s i m i l a r i t y  c o l l a p s e  o f  t h e  c o n c e n t r a t i o n  PDF a l o n g  
t h e  c e n t e r l i n e  r a y  ( r / (x -xo)  = 0  I, a l o n g  a  r a y  a t  
3 .5 '  ( r / ( x - x o ) = . 0 6 ) ,  and a l o n g  a  r a y  a t  7 '  
( r /  (x-xO) - .12 ) . Tlne v i s u a l  edge of  t h e  j e t  is 
a t  abou t  12'  ( w h i t e 2 "  1974) . I m p e r f e c t i o n s  i n  t h e  
c o l l a p s e ,  which a r e  more e v i d e n t  a s  t h e  edge o f  
t h e  j e t  i s  approachedl, a r e  b e l i e v e d  t o  be  caused  
x/d - 40 
x/d = 60 
-- - X/d = 80 
Center l tne 
- 
iis - 
11'3 
1i7 - 
F i g u r e  6.  S c a l e d  power s p e c t r a  of  t h e  
c o n c e n t r a t i o n  f l u c t u a t i o n s  on 
t h e  c e n t e r l i n e  of  t h e  j e t .  
( =  l o c a l  jet d i a m e t e r / l o c a l  mean c e n t e r l i n e  
v e l o c i t y )  i s  t h e  e s t i m a t e d  l a r g e - s c a l e  t i m e  of  t h e  
j e t .  The computed s p e c t r a  s a t i s f y  t h e  r e l a t i o n  
( 3 )  
0  
a s  an  o v e r a l l  n o r m a l i z a t i o n .  The f l a t  p o r t i o n  of 

Figure 10. Probability density function 
of the scaled concentration 
time derivative 3.5' off the 
jet centerline. 
Figure 11. Probability density function 
of the scaled concentration 
time derivative 7' off the 
jet centerline. 
fact there seems to be a "typical" large scale 
structure associated with the flow that takes the 
form of a sharp rise followed by a region where 
the concentration falls choatically, at a lower 
average rate, until the next sharp rise. Some 
typical data traces showing this behavior are 
depicted on Figure 12. The large scale time 
corresponding to the plotted data is estimated to 
be about 1.3 seconds, or about half each line's 
time span. 
x/d = 60. r / ( x - x o ) =  06. Re = 5000. 2 61 secs/llne C,. 13 
Figure 12. Time traces of the 
instantaneous jet gas 
concentration. 
scale the time derivative: 
where Dj, is the diffusivity of jet gas into 
reservoir gas. A plot of the mean estimated 
scalar dissipation rate, computed from the data 
along the three rays at r/ (x-xo) = .O, .06, & .12, 
is shown on Figure 13. The scaling of the 
Figure 13. Scaled mean value of the 
scalar dissipation rate when 
estimated from (dC/dt) 2 .  
The Estimated Scalar Dissipation Rate 
-
vertical axis is consistent with that suggested by 
The scalar dissipation rate is the Friehe et a1. l 2  (1971) for the energy dissipation 
instantaneous rate of local mixing of'the jet and rate- We note that even though this plot is 
reservoir gases. BY squaring and scaling the severely leveraged by a factor of (x-xo) 4 r  the 
concentration time derivative an estimate of the collapse is acceptable, especially since the data 
scalar dissipation rate, E ~ ,  can be made. Here we at x/d = 20 may be contaminated by near-field 
have used only the mean centerline velocity to effects, 
Classical theories of turbulence at high 
Reynolds number (~olmo~orov'~ 1962, 0bukhov" 
1962) predict that the probability density 
function of (dC/dt) should be log-normal. The 
current data are at a modest Reynolds number so 
they can, at most, provide a test to determine the 
lower Reynolds number limit of some of the 
classical ideas. A log-normal distribution is 
Gaussian when plotted verses a logarithmic 
abscissa and a linear ordinate. The scaled 
results of these experiments for (dC/dt) are 
plotted in such log-linear coordinates on Figures 
14, 15, and 16 for x/d = 20, 40, 60, 6 80 along 
Figure 14. Probability density function 
of the logarithm of (dC/dt) 
on the jet centerline. 
Figure 15. Probability density function 
of the logarithm of (dC/dt) 
3.5' off the jet centerline. 
Figure 16. Probability density function 
of the logarithm of (dC/dt) 
7' off the jet centerline. 
local mixing rate, this result has important 
implications for the description and modeling of 
turbulent mixing, with or without chemical 
reactions and combustion. 
Figures 2 through 16 make a compelling case 
for complete similarity of the mixing at all 
scales in the far-field of a momentum driven jet. 
These plots establish that the local mean 
concentration and the local large-scale time can 
be used to collapse the statistical measures of 
the fluctuating concentration field of the jet at 
a Reynolds number of 5000. Our most recent 
experiments (see Dowlingg 1988) suggest that this 
self-similarity extends to higher Reynolds 
numbers. Additionally, the measurements presented 
in this paper show that some of the classical 
theories of turbulence can be applied at Reynolds 
numbers which might not be considered high enough 
for the flow to have reached a Reynolds number 
independent state. 
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the three rays at r/(x-xo) = 0, .06, 6 .12 . The 
compiled curves look approximately Gaussian but 
all display a relative excess at low values and a 
relative deficit at high values. It is also worth 
noting that the full width at half maximum of the 
distributions is typically 3 or more orders of 
magnitude. To the extent that (dC/dt) ' scales the 
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